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ABSTRACT
Use of Neutron Diffraction and Microscopy for the Characterization of Residual
Stress and Defects
by
Silpa Budugur Suresh
Dr. Ajit K. Roy, Examination Committee Chair 
Associate Professor of Mechanical Engineering 
University o f Nevada, Las Vegas
The structural material to contain the target material, used in transmutation of 
spent nuclear fuel, may develop residual stress due to different forming processes. 
Nondestructive neutron diffraction (ND) and positron annihilation spectroscopy (PAS) 
techniques have been utilized to characterize residual stress in martensitie Alloys EP-823 
and HT-9, subjected to eold-reduetion, plastic deformation and welding. The ND 
measurements revealed tensile residual stresses on the top and bottom surfaces of the 
eold-worked specimens. The residual stress was enhanced in cylindrical specimens with 
increased plastie-deformation. Post-weld-thermal-treatment was benificial to reduce 
internal stresses in welded specimens. The line-shape-parameters (S, W and T) obtained 
from the PAS spectrum were related to the residual stress developed in eold-worked and 
plastically deformed specimens. The dislocation density determined by transmission 
electron microscopy was enhanced at higher eold-reduction levels. Fractographic 
evaluations by scanning electron microscopy revealed ductile failures in cylindrical 
specimens.
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CHAPTER 1 
INTRODUCTION
The disposal o f spent-nuelear-fliel (SNF) and high-level radioactive waste (HEW) is a 
major challenge to nuelear power generating nations. In order to circumvent the problems 
associated with the nuclear waste disposal, the United States Department o f Energy 
(USDOE) has been considering the development o f a permanent geologic repository at 
the yucca mountain site, located 100 miles northwest o f Las Vegas, Nevada. Even 
though, the proposed repository is being developed to accommodate a substantial amount 
o f SNF/HLW, additional nuclear waste is gradually being generated in the United States 
from the current operating nuelear power plants. Therefore, development of more 
repositories may be needed in the near future to accommodate the nuclear waste currently 
being generated.
While the geologic repository at the yucca mountain site is being designed, the 
USDOE is considering a new concept to reduce the radioactivity o f SNF/HLW by a 
process known as transmutation. Transmutation refers to the transformation of SNF and 
occurs when the nucleus o f an atom changes due to the natural radioactive decay, nuclear 
fission, neutron capture or other related processes. This process enables the 
transformation o f long-lived isotopes to species with relatively short half-lives and 
reduced radioactivity through capture and decay of minor actinides and fission products.
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Thus, this process may enable geologic disposal of SNF for shorter durations in the 
proposed yucca mountain repository, enhancing the disposal efficiency.
The molten lead-bismuth-eutectic (LBE) has been proposed to be a spallation target 
producing source neutrons from the incident photon beams from an accelerator or a 
reactor and simultaneously acting as a blanket coolant, thus removing the generated heat. 
The operating concept for transmutation is illustrated in Figure 1.1
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Figure 1.1 Concept of Transmutation
The molten LBE will be contained in a structural vessel made of suitable metallic 
materials, often referred to as target structural materials. Fabrication of this containment 
vessel will involve normal manufacturing processes such as cold-deformation, 
mechanical forming, and welding of similar and dissimilar materials. A significant 
amount of residual stress can be developed in the container materials during the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
fabrication process unless they are minimized or eliminated by stress-relief operations. 
However, stress-relief or annealing treatment at elevated temperatures may not be 
feasible in view of the possible changes in metallurgical characteristics of these structural 
materials, producing detrimental effects during the spallation process.
Welding operations involving either similar or disimilar structural material can lead 
to the development of internal stresses resulting from rapid rate of solidification, 
differences in thermal coefficient of expansion/contraction, and disimilar metallurgical 
microstructures developed at the weld, fusion line, heat-affected-zone (HAZ) and the 
base metal. Combination of these residual stresses and the elevated temperatures used 
during the transmutation process can adversely influence the performance of the target 
structural material.
Residual or internal stresses are usually defined as stresses remaining in a material or 
a body following its manufacturing and processing in the absence of external forces or 
thermal gradients. Any manufacturing processes that involve forging, rolling, and 
bending at elevated temperatures can induce this type of internal stress. The residual 
stresses, which are usually three dimensional, can be either macro or micro-stresses, 
which can contribute to premature failures due to fatigue, stress-corrosion, and corrosion 
fatigue, and hydrogen embrittlement.
Residual stresses can be divided into three types. The first type of stress may vary 
over a large scale comparable to the macroscopic dimensions of structural components, 
and are referred to as macro-stresses. This type of stress can extend through a part over 
longer distances typically a few thousandths of a meter or a millimeter. They are present 
in weldments and joined components of similar and disimilar materials, which can be
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
spatially resolved or mapped. Different types of stresses are shown in Figure 2. The 
second type of stress can vary over a smaller range comparable to the grain size and can, 
for example, be related to the differences in mechanical and thermal properties of 
structural components in multi-phase materials. This type of stress is commonly called 
the micro-stress. The development of micro-stress can occur across distances 
approaching a few millionths of a meter or a micrometer, which can cause failure of parts 
during manufacturing as well as under static and dynamic loading. Finally, these type of 
stresses, which are quite insignificant from the failure point of view can vary within each 
individual grains.
1 MacrosmissM
O a aP«aning
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Figure 1.2 Different types of macro and micro residual stresses
Residual stress can be either tensile or compressive depending on the material and the 
manufacturing processes imparted to them. Both the magnitude and the distribution of
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residual stress may be critical to the performance and should, therefore, be considered in 
the design of a component. The tensile residual stresses are detrimental, increasing the 
susceptibility of a material to fatigue damage, stress-corrosion and fracture. On the 
contrary, the compressive residual stresses are benificial, thus, reducing the material’s 
susceptibility to failure. Nevertheless, residual stresses of either type can adversely 
influence the dimensional stability of a component. An equilibrium must be maintained 
between the tensile and a compressive residual stresses existing within a component for 
optimum level of performance.
While many different techniques are commercially available to characterize the 
residual stresses in components subjected to plastic deformation, cold-reduction and 
welding, significant efforts have been made in this investigation to use the nondestructive 
methods. These techniques include neutron diffraction (ND) and positron annihilation 
spectroscopy (PAS). However, a major emphasis has been placed on ND in this 
investigation to characterize the resultant residual stresses in all three types of specimens. 
The ND technique can provide complete three-dimensional strain maps achieved by 
translational and rotational movements of the component. It employs the low velocity 
thermal neutrons to measure the lattice spacing (d-spacing) between consecutive 
crystallographic planes that helps in the measurement of strains by the use of Bragg’s 
law. The magnitude of the internal stresses corresponding to these strains can be 
calculated using the elastic constants of a material of interest.
Two methods based on the conventional PAS technique have been used in this study. 
They are pair-production and activation methods. Both methods provide a qualitative 
characterization of residual stress in terms of line-shape parameters determined from the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
associated energy spectrum. The residual stress measurements of the tested specimens by 
pair-production and the activation methods were performed at the Idaho Accelerator 
Center of the Idaho State University. The ND measurements were performed at the 
Atomic Energy of Canada Limited, Chalk River laboratory.
Attempts have been made in this study to analyze the resultant residual stress data 
involving cold-worked, plastically deformed and welded structural materials such as 
martensitie Alloy EP-823 and Alloy HT-9. Since the residual stresses generated in the 
welded specimens can be minimized by post-weld-thermal-treatment (PWTT), the 
welded specimens have been analyzed with and without PWTT using the ND method. 
Different levels of plastic-deformation and reduction in thickness were given to the test 
materials prior to the characterization of the resultant internal stresses. The 
metallographic evaluations of the tested specimens were performed by optical 
microscopy. The fractrographic evaluations of specimens subjected to plastic deformation 
by tensile loading were conducted by scanning electron microscopy (SEM). The 
characterization of defects such as dislocations and their densities in the cold-worked 
materials was performed by transmission electron microscopy (TEM). The overall data 
including residual stress characterization and microscopic evaluations are presented in 
this thesis.
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CHAPTER 2
TEST MATERIALS AND SPECIMENS PREPARATION
2.1 Test Materials
Several factors need to be considered to select the structural material for 
transmutation applications. These factors include mechanical, thermal, physical and 
chemical properties, cost, availability, capability o f withstanding radiation damage and 
some neutronic factors. Martensitie steels have been widely used as structural materials 
in many reactor facilities. The primary advantages of martensitie steels are their high 
resistance to void swelling, low irradiation creep rates and relatively low radioactivation
after neutron irradiation.
Martensitie stainless steels (SS) are essentially alloys o f chromium and carbon that 
possess a body-centered-cubic (bee) or body-centered-tetragonal (bet) crystal structure in 
the hardened condition. They are ferromagnetic and hardenable by heat treatments.
Their general resistance to corrosion is adequate for some corrosive environments, but 
not as good as other stainless steels. Higher carbon (C) contents will produce greater 
hardness and, therefore, may lead to the increased susceptibility to cracking. The 
chromium (Cr) content o f these materials generally ranges from 9 to 18 weight percent 
(wt %), and the carbon content can be as high as 1.2 wt %. Molybdenum (Mo) and nickel 
(Ni) can be added to improve the mechanical properties and the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
corrosion resistance. The test materials used in this investigation include martensitie 
Alloy EP-823 and Alloy HT-9.
Fe-Ni-Cr-Mo and a primary candidate material for use as cladding in the current U.S. 
fast Alloy EP-823 is a Russian nuclear grade martensitie iron-nickel-chromium 
molybdenum (Fe-Ni-Cr-Mo) SS with a high silicon (Si) content (1.0-1.3 wt % ) .  It is a 
leading structural material to contain the molten LBE nuclear coolant needed for fast 
spectrum operations of the ADS systems. This alloy has also been reported to retain its 
high strength and ductility at elevated temperatures in irradiated c o n d i t i o n s . A t  500°C, 
this Alloy exhibits high strength and when irradiated it can retain high post-irradiation 
ductility at test temperatures in the range of 20-700°C.
Alloy HT-9 is a Swedish nuclear grade martensitie reactor designs. Alloy HT-9 
was specifically developed for high temperature applications, where the corrosion- 
resistance inherent in austenitic stainless steels is not required. It has good swelling 
resistance and is also resistant to irradiation embrittlement particularly at 60°C. It has 
been an excellent material for duct applications in liquid-metal reactors. Moderate 
strength, ample corrosion resistance, and excellent resistance to swelling in the fast 
neutron environment have made Alloy HT-9 a primary candidate material for use in 
many nuclear applications. The typical physical and mechanical properties of these two 
materials are given in Table 2.1.
Experimental heats of both test materials were melted by a vacuum-induction- 
melting practice at the Timken Research Laboratory, Canton, OH, followed by
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
different fabricating processes that included forging and hot rolling. Since significant 
amount of residual or internal stresses were generated during these manufacturing 
processes, the test materials were subsequently thermally-treated to relieve these internal 
stresses, and achieve the desired metallurgical microstructures. These thermal treatments 
included austenitizing at 1850°F followed by an oil-quench subsequently, they were 
tempered at 1150°F followed by air-cooling. These types of thermal-treatments resulted 
in a fully-tempered and fine-grained microstructure characteristics of a martensitie 
stainless steel without the formation of any retained austenite. The chemical compositions 
of both heats are shown in Table 2.2.
Table 2.1 Physical and Mechanical Properties of the Materials Tested
Property Alloy
EP-823
Alloy
HT-9
Thermal Conductivity(W/m*K) NA 28
Modulus of Elasticity, Gpa (10 psi) 207 160
Poisson’s Ratio at Ambient Temperature Œ29 0.33
Coefficient of thermal Expansion C * 10 NA 12.5
NA- Not Available
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Table 2.2 Chemical Composition of Materials Tested (wt %)
Elements Material/Heat No.
Alloy
EP-823/2360
Alloy
HT-9/2361
C 0.15 0.20
Mn 0.56 0.40
P 0.005 0.004
S 0.003 0.004
Si 1.21 0.18
Cr 11.81 12.32
Ni 0.67 0.49
Mo 0.73 0.98
Cu 0.01 0.01
V 0.32 0.29
w 0.63 0.43
Cb 0.27 -
B 0.0068 -
Ce 0.067 -
Al 0.033 0.025
Fe Bal Bal
Bal-Balance
2.2. Test Specimens
Three different types of test specimens were fabricated from the experimental heats. 
They include plastically-deformed and cylindrical specimens, and welded specimens 
consisting of similar and disimilar materials. Smooth cylindrical tensile specimens were 
machined from the heat-treated plates, in such a way that the gage section was parallel to 
the longitudinal rolling direction. The gage length to the diameter (1/d) ratio of these 
specimens was maintained at 4 according to the ASTM Designation E 8. An axial/ 
tensional servo-hydraulic and computer controlled MTS unit was used to determine the 
tensile properties of both alloys at ambient temperature. The MTS test setup is shown in
10
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the Figure 2.1 and the configuration of the smooth cylindrical specimen is shown in 
Figure 2.2. The heat-treated plate materials were subjected to cold-rolling to reduce their 
thickness by approximately 5 and 10 percent. Efforts were made to compare the residual 
stress in these cold-reduced plates with that of plates without any cold-reduction. The 
pictorial view and the dimensions of the cold-rolled plates are illustrated in Figure 2.2.
LOAD FRAN[F
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Figure 2.1 MTS Test Setup
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Figure 2.2 Configuration of the Cylindrical Specimen
Figure 2.3 Configuration of the Cold-Worked Specimen
12
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Martensitie steels are known to be the most difficult alloys to be welded. The 
configuration o f the welded specimen is shown in the Figure 2.3. They are generally 
welded by gas-tungsten-arc-welding (GTAW). This process is widely used for thinner 
sections o f stainless steel. The 2% tungsten is recommended and the electrode should he 
ground to a taper. Argon is normally used for gas shielding, however, argon-helium 
mixtures are sometimes used for automatic applications. Welded specimens consisting of 
similar (Alloy HT-9 on both sides) and disimilar materials (Alloy HT-9 and Alloy EP- 
823) were prepared by GTAW process. The specimens were welded at the Apeks LLC
I -  g
Î . 5 0
I . .s o
Figure 2.4 Configuration o f the Welded Specimen
13
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
located at Ohio. The welded specimens were subjected to PWTT to eliminate or 
minimize the residual stresses generated during welding. Type 2283 L SS was used as a 
filler material for welding operation involving either alloy. PWTT was done by 
heating at 1350-1400°F followed by controlled air cooling to 1100°F at a rate of 50 
degrees per hour.
Characterization of metallurgical microstructures of the specimens by optical 
microscopy is important. Both the tensile and the welded specimens were sectioned 
properly and mounted in an epoxy resin by standard metallographic techniques. The 
polished and etched specimens were rinsed in deionized water, and dried with acetone 
and alcohol prior to their evaluation by a Leica optical microscope.
The fractrographic evaluation of the tested cylindrical specimen was performed by 
using a JEOL-5600 scanning electron microscope (SEM). This SEM was capable of 
resolution up to 100,000 times. TEM was used to characterize defects such as 
dislocations resulting from different levels of cold-reduction. The TEM sample thickness 
can vary from 100-200 microns, and the sample preparation involved many steps as 
described below.
The cold-worked plate material of Alloy EP-823 was initially cut in a transverse 
direction followed by a sectioning in the longitudinal direction. The longitudinally-cut 
piece was then subjected to a fine-cut by a diamond saw. The thickness of the small 
specimen ranged between 500 and 700 microns. This specimen was then mounted on a 
sample holder placed on a heater having an adjustable thermostat. Wax was placed on the 
specimens, which was melted causing binding of the specimen to the specimen holder 
which was then placed on a cold plate for cooling. The specimen holder is put into a
14
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planar specimen grinder and the polishing was conducted on a rotary grinding/ polishing 
wheel. An abrasive 600 grit paper was used for mechanical polishing. The thickness 
of the sample after mechanical polishing can be measured by a digital gage. The very thin 
specimens are then subjected to punching operation by punching an approximate 3-mm 
diameter hole by means of a punching tool. The punched specimens were then subjected 
to electro polishing producing a smooth specimen surface. The specimens were 
electropolished at 40 volts and at a flow rate of 12 at a temperature of -7°C (-19.4°F) 
using a solution of 5% perchloric acid in ethanol as an electrolyte.^’’  ̂ Finally the 
specimens were cleaned with acetone and ethyl alcohol and the specimens were 
examined by TEM.
15
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CHAPTER 3
EXPERIMENTAL TECHNIQUES 
The characterization o f residual stresses in candidate target structural materials, 
namely alloys EP-823 and HT-9, subjected to plastic deformation, cold-reduction, and 
welding, was performed by two nondestructive techniques. These techniques include 
positron annihilation spectroscopy (PAS) and neutron diffraction. (ND). The tested 
specimens were also evaluated by optical microscopy to determine their metallurgical 
microstructures. Transmission electron microscopy (TEM) was used to characterize the 
dislocation and determine the dislocation density from the TEM micrographs of the cold- 
worked specimens. The morphology o f failure of cylindrical specimens used in 
calibration o f tensile specimens was determined by scanning electron microscopy (SEM).
3.1 Calibration Curve Developments
Residual stress characterization by the positron annihilation spectroscopy (PAS) leads 
to qualitative information giving parameters derived from annihilation peaks. Therefore, 
the precise estimation of residual stress using these parameters is quite challenging. In 
order to provide a better estimation o f residual stress in structural materials such as 
martensitie alloys EP-823 and HT-9, the development of calibration curves based on 
engineering stress vs. strain (s-e) diagrams was attempted using the ASTM designation
16
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E 8 . The s-e diagrams for both the Alloys resulted in the identification of the yield 
strength (YS), ultimate tensile strength (UTS) and the failure stress (FS). The difference 
in the YS and UTS was recorded and the difference in stress magnitude in this range was 
divided in desired increments. The new cylindrical specimens were then loaded at these 
stress levels, and the corresponding strain values were recorded. These plastically 
deformed specimens were then subjected to residual stress characterization by 
nondestructive techniques including PAS and ND. The PAS technique was used for 
residual stress characterization of both Alloy EP-823 and Alloy HT-9. However the 
residual stress measurements by ND were performed only on plastically deformed Alloy 
EP-823.
1 ksi =6.895 MPa100
U l t i m a t e  Stress
140 - ik
120  ■ Failure Stress
1 0 0 -
Yield Stress
20 .
0050 0300
Figure 3.1 -  Ambient-Temperature s-e Diagram for Alloy EP-823
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Figure 3.2 -  Ambi ent-T emperature s-e Diagram for Alloy HT-9
EP-823. The extent of residual stress characterized by either technique was then related to 
the magnitude of stress/strain corresponding to the plastic deformation imparted to the 
cylindrical specimens by tensile loading. The s-e diagrams for Alloy EP-823 and Alloy 
HT-9 are shown in Figures 3.1 and 3.2, respectively.
3.2 Positron Annihilation Spectroscopy
For every matter particle, there is a corresponding anti-particle. Positron is the anti 
particle of an electron. It has the same mass of an electron but has an opposite charge. 
PAS is a well-established nondestructive technique to characterize defects in metals and 
alloys. Two different methods based on PAS, namely pair-production and activation 
have been used in this investigation to generate positrons. Both methods are known to be
18
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capable of characterizing defects in thick specimens that cannot be evaluated by 
conventional positron technique or other nondestructive methods.
3.2.1 Pair-Production
This technique employed high-energy, deep penetrating y-rays into thick samples of 
both materials of interest to measure stress, strain, and defects in them. A collimated 
photon beam from a linear accelerator (LINAC) was used to generate positrons inside the 
test specimen via pair (positron/electron) production, as shown in Figure 3.2. Positron 
annihilation is a result of an encounter of the electron with its antiparticle - positron. The 
energy released by the annihilation forms two high energetic gamma photons, which 
travel in opposite direction. Thus, each positron generated was thermalized and 
annihilated with one of the sample electrons emitting two photons having 511 keV
roi 221energy spectrum.
W Converter
Electron Line Beam  
J Hardner n
I
Photon
Beam
V
"O'
Sample
Collim ator 1 Collimator 2
Hl*Gc
detector
Figure 3.3 PAS Test Setup
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3.2.2 Activation
The activation technique was based on the utilization of a photo-nuclear (n, n) 
reaction involving a 20 MeV bremsstrahlung beam. Some of the resulting neutron-poor 
(proton-rich) nuclei, in turn, emitted positrons through a beta decay process. The 
martensitic stainless steels studied in this investigation contained a substantial amount of 
iron, which generated positrons according to the photo-nuclear reactions given below. 
The positron generated by the activation technique was also thermalized and annihilated 
with the sample electrons emitting 2 photons in opposite direction having a 511 KeV 
energy spectrum, n and no represent the gamma ray and neutron, and e"̂  signifies positron.
Fe26 + 1) ___ ^ Ho + Fe26
"F e :6 ----------» e + +  ^̂ Mn25
The emitted photons were recorded in both the pair-production and activation techniques 
by a high purity Germanium (HPGe) detector, and the resultant data were analyzed in 
terms of three line- shape parameters such as S, W and T of the 511 KeV annihilation 
peaks, as shown in Figure 3.4. The S and W parameters have often been used to 
characterize the annihilation peak in Doppler broadening spectroscopy. The S-parameter 
is sensitive to the annihilation with valence electrons and is defined as the ratio of counts 
in the central region of the peak to the total counts in the peak. The W-parameter is more 
sensitive to the annihilation with high momentum core electrons and is defined as the 
ratio of counts in the wing regions of the peak to the total counts in the peak. The T- 
parameter is simply the ratio of W to S. While the S-parameter is directly proportional to
20
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the residual stress, the T-parameter is inversely proportional to the internal stress
developed inside the test specimens. [25-27]
C
I
GaAs 
•  Pîasticalfÿ defofmed 
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513 514 515
504 506 506 510 512 514 516
y-ray energy |keV)
S = As / Ao
=Aw/ Aq
= w/s
= Total
Figure 3.4 PAS spectrum showing S, W and T Parameters
3.3 Neutron- Diffraction
3.3.1 Operating Principles 
The characterization of internal stresses by neutron diffraction (ND) is relatively a 
newer approach, which became available in the early 1980’s in the United States, 
Germany, and Great Britain. A fair number of neutron-producing reactors exist now, that 
are well equipped for the determination of stresses by the ND technique. Some of the 
principal laboratories are RISC (Denmark), LANSCE (USA), ARGONNE (USA),
21
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CHALK RIVER (Canada), HCR-ECN Petten (Holland), LLB Sad ay (France), ISIS 
Rutherford (U.K)/^^^ However, the residual stress characterization of martensitic alloys 
used in this investigation was performed using the experimental facility located at the 
AECL, Chalk River Laboratory.
The ND technique is a well-established non-destructive method for the measurement 
of residual stress deep inside materials. Among the different existing techniques, only ND 
allows the 3D measurement of residual stresses inside a material achieved through 
translational and rotational movement of the component. The thermal neutrons are able to 
probe the atomic arrangement of the systems. A neutron scattering spectrometer allows 
measurement of the intensity of neutrons scattered from the sample as a function of the 
change in the energy and momentum of the neutrons.
The principal advantage of using neutrons rather than the more conventional x-rays 
lies in the fact that the neutrons can penetrate deeper (3-4cm) into the metals to determine 
the internal s t r e s s . T h e  ND technique in general, is capable of penetrating 
approximately 1 0 0 0  times deeper into the metal lattiee compared to the x-ray diffraction 
method. The ND method relies on elastic deformations within a polycrystalline material 
that can cause changes in spacing of the lattice planes from their stress free value. The 
principle of strain measurement by ND is shown in the Figure 3.5
In the ND experiment, the neutron beam from the reactor was first monochromated to 
a chosen wavelength X by Bragg reflection from a large single crystal monochrometer. 
This monochrometer beam was transmitted through a slit on the collimator, or by 
apertures, to pass over the ‘sample axis’ about which the detector was r o t a t e d . T h e  
detector was used to count neutrons scattered through an angle of 20. The scattered beam
22
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was then transmitted through the other collimator to the detector. The volume of the 
beam incident on the sample and the beam entering the detector was controlled by the 
height limiters made of cadmium
Incident Beam
Input Slit
Gauge V olume
Q Scattering Vector
Scattered B eam  28
Output Slit Detector
I V
Transmitted Beam
Figure 3.5 ND test set up
The ‘gauge volume’ or ‘volume sampled’ can be defined as the region developed due 
to the intersection of the incident and scattered beam as shown in Figure3.5. A sample, 
totally placed within this gauge volume, should enable the measurements of properties 
such as internal strain. The interplanar distance dhki where hkl are the Miller indices of the 
investigated lattice plane can be evaluated by using Bragg’s law, given in equation 3.1.
X  =  2dhkisin 0 (Equation 3.1)
where, X =  Neutron wavelength
23
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20 = Angle between the incident and the diffracted beam 
dhki = Interplanar distance in a stressed material 
The strain component lies along the bisector of the incident and diffracted beams. The 
sample can be oriented in different orientations, however the strain component lie along 
the bisector. The small lattice strain (f^j^)is given by the equation 3.2.
( i  — dP  _  ^  hkl ^ 0
hkl , (Equation 3.2)
a  Q
Where do= hkl- interplanar distance in a stress-free material.
A small sample with measurements made in several orientations and averaged, or an 
extreme part of a component, may be taken to be in zero strain and taken as a reference 
sample. The variation of do due to compositional changes in material can also affect the 
results.
Having measured the strain in a given direction, the stress is usually determined by 
first making the assumption that the material is isotropic, and then using the Young’s 
modulus, E, and Poisson’s ratio, v, of the bulk material. These quantities must be 
accurately known for the material examined if the absolute stress has to be accurately 
determined. The values of E and v are dependent on the lattice planes (hkl).The strain 
component which is constant over many grains are called macrostrains and are related to 
the macro-stresses by the equation of isotropic elasticity. In an elastic isotropic model the 
principal stresses are related to the strains by the following equations.
24
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Gxx =
(l + W )(l-2ü) [(l ~ + ^(^ yy + ^zz )1
(Equation 3.3)
Gyy =
(1 + t>)(l — 2v)
(Equation 3.4)
(1 + u)(l -  2v)
[ ( l-D )g ^ + U (g ^ + g  )] (Equation 3.5)
Where, E = Young’s modulus 
V = Poisson's ratio
= Strain in X-direction
gyy = Strain in Y-direction
g g  = Strain in Z-direction
Also, the uncertainity value in strain is related to the corresponding uncertainity in stress 
by using the following equation.
Afj = —
(l + i/) \ l l - 2 y
A f: +
/ \ 2
 ̂ 2 v j ) (Equation 3.6)
Where,
Act = Uncertainty in Stress Value 
V =  Poisson’s Ratio
E  =  Young’s Modulus
— Uncertainity in strain measured in the Rolling Direction
25
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= Uncertainity in strain measured in the Normal Direction 
Afyg =  Uncertainity in strain measured in the Transverse Direction
=  Uncertainity in the Principal Direction, where X= RD, ND or TD
3.3.2 Experimental Facility
A neutron scattering spectrometer allows measurement of the intensity of neutrons 
scattered from the sample as a function of the change in the energy and momentum of the 
neutrons. In general, instruments used for elastic scattering measurements, to investigate 
the time-averaged atomic structure within a sample, are called diffractometers and those 
used for inelastic scattering measurements, to investigate the excitation spectrum of the 
atomic structure, are called spectrometers. The measurement devices included a 
spectrometer, detector and two collimators. The spectrometer was provided with neutrons 
from the reactor core. The test specimens were mounted on to the measuring device by 
means of special fixtures. The testing facility used eonsisted of a large-capacity X-Y table 
that could handle loads upto 450 kg (l,0001bs) and provided a large 60 cm x 60 cm (2" x 
2") platform for easy mounting of multiple samples as shown in Figure 3.6. The test 
sample was aligned properly with a computer-controlled X, Y and Z translators to a very 
accurate sampling volume at the required location within the specimen. The collimated 
neutron beam which impinges on the sample gets diffracted and this diffracted beam was 
recorded by a detector. The detector moves around the sample and in this case it is a 32- 
wire position sensitive detector. This detector can also be used as a variable single­
channel detector. A stress rig for examining the specimens under uniaxial load (tension
26
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and compression) can be used to determine the diffraction elastic constants for which the 
rig can be placed on the spectrometer on both the Young’s and Poisson orientations. The 
maximum applied load was 45 kN (5 tons). The sampling volume of the neutron beam 
that impinged on the test sample was defined by various height limiters made of 
cadmium.
Figure 3.6 Mounting of Multiple Samples
3.4 Scanning Electron Microscopy
In a scanning electron microscope (SEM), electrons from a metal filament are 
collected and focused, just like light waves, into a narrow beam. The beam scans across 
the subject, synchronized with a spot on a computer screen. Electrons scattered from the
27
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
subject are detected and create a current, the strength of which makes the spot on the 
25 computer brighter or darker. This creates a photograph-like image with an exceptional 
depth of field. Magnifications of several thousand times are possible in SEM. Normally, 
SEM provides black and white micrographs. Analysis of failure in metals and alloys 
involves identification of the type of failure. The test specimens were sectioned into V2 to 
3/4 of an inch in length to accommodate them in the vacuum chamber of the SEM.
J* . w » I  ̂ » :
Figure 3.7 Scanning Electron Microscope
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Usually, failure can occur by one or more of the several mechanisms, including surface 
damage, such as corrosion or wear, elastic or plastic deformation and fracture. Failures 
can be classified as ductile or brittle. Dimpled microstructure is a characteristic of ductile 
failure. Brittle failure can be of two types, intergranular and transgranular. An 
intergranular brittle failure is characterized by crack propagation along the grain 
boundaries while a transgranular failure is characterized by crack propagation across the 
grains. A JEOL-5600 SEM was used in this investigation to analyze the morphology of 
failure of the tested specimens. The scanning electron microscope used for this 
investigation is shown in the Figure 3.7.
3.5 Optical Microscopy
The characterization of metallurgical microstructures of the test specimens before 
and after testing by optical microscopy is of primary importance. The principle of an 
optical microscope is based on the impingement of a light source perpendicular to the test 
specimen. The light rays pass through the system of condensing lenses and the shutters, 
up to the half-penetrating mirror. This brings the light rays through the objective to the 
surface of the specimen. Light rays reflected off the surface of the sample then return to 
the objective, where they are gathered and focused to form the primary image. This 
image is then projected to the magnifying system of the eyepiece. The optical microscope 
used in this investigation is shown in the Figure 3.8. The micrograph results from either 
an inherent difference in intensity or wavelength of the light absorption characteristics of 
the phases present. It may also be induced by preferential staining or attack of the surface 
by etching with a chemical reagent. The test specimens were sectioned and mounted
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using the standard metallographic technique, followed by polishing and etching to reveal 
the microstructures including the grain boundaries. The polished and etched specimens 
were rinsed in deionized water, and dried with acetone and alcohol prior to their
SP
Figure 3.8 Optical Microscope
evaluation by a Leica optical microscope, having a resolution of up to 1000X.[36]
3.6 Transmission Electron Microscopy
In a TEM, a thin specimen was irradiated with an electron beam of uniform 
current density. The electron energy is in the range of 300 keV. Electrons are emitted in 
the electron gun by thermionic emission from tungsten cathodes. A condenser-lens 
system permits the area of the specimen to be illuminated and the specimen is imaged
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
onto a fluorescent screen. The dislocation density corresponding to the different levels of 
CR was calculated by using the line intersection method, y^as based on the
superimposition of a grid consisting of horizontal and vertical lines on the TEM 
micrograph containing dislocations, as illustrated in Figure 3.10. The magnitudes of the 
total length of the horizontal (SLh) and vertical (ILv) test lines were determined from the 
test grid, while the thickness (t) of the TEM specimen was determined by electron energy 
loss spectroscopy [40] using Equation 4.1. Finally, the dislocation density (p) was 
calculated using Equation 4.2. The typical TEM used in this investigation is shown in the 
Figure 3.10
(Equation 3.7)
(Equation 3.8)
Where,
It = total intensity reaching the spectrometer
lo = zero-loss intensity reaching the spectrometer
X =  mean free path
E Uv = No. of intersections of vertical test lines with dislocations
X iih = No. of intersections of horizontal test lines with dislocations
X Lh = Total length of horizontal test lines (meter)
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X Lv = Total length of vertical test lines (meter)
Figure 3.9 TEM Micrograph of Alloy EP-823 used to Determine p by Line 
Intersection Method
32
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 3.10 Transmission Electron Microscope
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CHAPTER 4 
RESULTS
As indicated earlier in this thesis, this investigation is focused on the characterization 
of residual stress in different types of specimens by neutron diffraction (ND), and two 
techniques such as activation and pair production based on the classical positron- 
annihilation-spectroscopy (PAS). Martensitic Alloys EP-823 and HT-9 were subjeeted to 
cold deformation by rolling, plastically deformed by tensile loading and welded using 
similar and disimilar materials on either side of the weld. The effect of post-weld- 
thermal-treatment (PWTT) on the resultant residual stress in the welded specimens was 
also investigated. The metallographic and fractographic evaluations of the tested 
specimens were performed by optical microscopy and scanning electron microscopy 
(SEM). Since the plastic deformation of structural materials can lead to the generation of 
defects such as dislocations, transmission electron microscopy (TEM) was also used to 
characterize dislocations and their densities. The resultant data based on the overall 
testing activities are presented in the following subsections.
4.1 Metallurgical Characterization and Tensile Properties evaluation.
The metallurgical microstructures of both tested materials, evaluated by 
conventional metallographic techniques, are shown in Figures 4.1 and 4.2. They were
34
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Figure 4.1 -  Optical Micrograph of Q&T Alloy HT-9, Fry’s Reagent, lOOX
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Figure 4.2 -  Optical Micrograph of Q&T Alloy EP-823, Fry’s Reagent, lOOX
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Figure 4.3 Optical Micrograph of HT-9/HT-9 Welded Specimen 
Fry’s Reagent, 100 X
W(' (
A /
Base Mela
Figure 4.4 Optical Micrograph of HT-9/HT-9 Welded Specimen 
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etched by using Fry’s reagent which contained 5 gm of cupric chloride (CuCb), 40 ml of 
HCl, 25 ml of ethanol (C2H5OH), and 30 ml of water (H2O). An examination of these 
optical micrographs revealed fine grained tempered martensitic microstructures having 
some delta ferrites. The metallurgical microstructures of the welded specimens, showing 
the different regions including the weld, heat- affected- zone (HAZ) and base metal are 
illustrated in Figures 4.3 and 4.4, respectively for HT-9/HT-9 and HT-9/EP-823 welded 
specimen.
The results of tensile testing at room temperature are given in Table 4.1, showing the 
magnitude of the yield strength (YS), the ultimate tensile strength (UTS), the percent 
elongation (%E1) and the percent reduction in area (%RA). It is interesting to note that 
while the ductility in terms of %E1 and %RA was identical for both alloys, comparatively 
lower strength was observed with Alloy EP-823, possibly due to the reduced carbon (C) 
content in this Alloy. However, the silicon (Si) content in this Alloy was substantially 
higher, as given in table 2 .2  the different regions including the weld, heat-affected 
zone (HAZ) and base metal are illustrated in Figures 4.3 and 4.4, respectively for HT- 
9/HT-9 and HT-9/EP-823 welded specimen.
Table 4.1 -  Room-temperature Tensile Properties of Test Materials
Material / Heat No. ThermalTreatments
YS 
Ksi (MPa)
UTS 
ksi (MPa) %E1 %RA
Alloy EP-823/2360 Quenched and 
Tempered 
(Q&T)
97 (669) 121(835) 25 61
Alloy HT-9/2361 105 (724) 138(952) 25 61
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4.2 Residual Stress Measurements by ND
4.2.1 Cold-Worked Specimens 
Alloy HT-9 and Alloy EP-823 were subjected to reduction in thickness by desired 
amount applying the cold-rolling operation. Even though, it was desired to give similar 
levels of cold-deformation to the plate materials of both alloys, the magnitudes of the 
resultant reductions were somewhat different. Alloy HT-9 resulted in reduction in 
thickness by 5.7 and 14.8 % respectively. On the other hand. Alloy EP-823 exhibited 
cold-reduction levels of 6.3 and 12.7 %, respectively. These cold-reduced specimens 
were then tested by ND for evaluation of the magnitude of the resultant residual stresses 
corresponding to different levels of deformation as a function of the depth of the 
specimen. ND measurements were also performed on materials without any cold- 
reduction.
The distributions of residual stresses in Alloy HT-9, with and without cold reduction, 
as measured by the ND technique are illustrated in Figure 4.5(a, b and c). An examination 
of Figure 4.5(a) indicates that the magnitude of residual stress in Alloy HT-9 without any 
cold-reduction was very negligible showing insignificant variation in tensile and 
compressive residual stresses through out the thickness of the plate material. It is 
interesting to note that the extent of residual stress at the top and bottom surface of Alloy 
HT-9, cold reduced by 5.7 and 14.8 %, respectively, were tensile in nature as shown in 
Figure 4.5(b and c). However, at some intermediate depth, within the specimen thickness 
the residual stress was compressive in nature indicating that the magnitude of residual 
stress was significantly higher at the top and bottom surfaces of the specimen compared 
to that of the inner regions. A similar observation was also made for Alloy EP-823 for
38
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three levels (0, 6.3, 12.7%), of cold-reduction of respectively, as illustrated in Figure 
4.6(a, b and c). It should be noted that the insignificant amount of residual stresses in 
both alloys, shown in Figures 4.5(a) & 4.6(a) without any cold-reduction may be the 
results of prior plastic deformation imparted to them before their thermal treatments. The 
experimental variables such as eccentricity of the beam, the angle of incidence and the 
unstressed interplanar distance may play significant roles in providing the width of error- 
bands in both the ND and PAS experimental techniques.
100
1 ksi =6.895 MPa
-50 -
-100
Depth (mm)
(a) With No Cold-Reduction
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Figure 4.5 Variation of Residual Stress vs. Depth in Alloy HT-9
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Figure 4.6 Variation of Residual Stress vs. Depth in Alloy EP-823
4.2.2 Plastically-deformed Cylindrical Specimens
Cylindrical specimens, of Alloy EP-823 plastically deformed at different tensile stress 
levels ranging between YS and UTS were evaluated by the ND technique for 
determination of residual stress corresponding to different applied tensile stresses. 
Measurements were made at one surface of the gage section of the cylindrical specimen 
and at a location 4mm inside the gage section of the specimen. The magnitudes of 
residual stresses determined at both locations by the ND technique are shown in Figure
4.7 as a function of the applied tensile stress varying from YS to UTS. An examination of 
this figure clearly demonstrates a gradual enhancement in residual stress as the applied 
stress was increased by some specified amount between YS and UTS.
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Figure 4.7 Applied Tensile Stress vs. Residual Stress
4.2.3 Welded Specimens
ND measurements were performed on welded specimens consisting of similar and 
disimilar martensitic alloys (HT-9/HT-9, HT-9/EP-823). These measurements were 
performed at a depth of 2mm from the surface but 7, 10 and 18mm away from the center 
of the welded region. The measured residual stresses in both alloys are shown in Figures
4.8 through 4.10 as a function of the distance (7, 10, 18 mm) from the center of the weld. 
It is obvious from these results that the magnitude of residual stress was reduced away 
from the welded region, as expected. It is well known that the maximum residual stress 
can be developed close to the fusion line due to rapid solidification rate in this region, 
which may gradually be reduced with distance away from it.
43
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
-60
1 ksi =6.895 MPa
-70 -
-80 -
-90
10
□ stance (mm)
15 20
\M hou t F w r r -* -F w r r
Figure 4.8 Residual Stress Profile in HT-9/ HT-9 Welded Specimen
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Figure 4.9 Residual Stress profile in HT-9/EP-823 Welded Specimen (FlT-9 Side)
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Figure 4.10 Residual Stress profile in HT-9/EP-823 Welded Specimen (EP-823 Side)
It is customary to relieve the resultant internal stresses by thermal treatment which is 
commonly known as post-weld-thermal-treatment (PWTT). In order to investigate the 
effect of PWTT, ND measurements were also performed on the same welded specimens 
subjected to PWTT. A comparison of the resultant residual stresses at an identical depth, 
and distances due to PWTT is illustrated in Figure 4.8 through 4.10. This comparison 
clearly demonstrate a benificial effect of PWTT, showing reduced internal stresses at 
comparable distances due to stress relief by specific thermal treatment described in a 
previous section.
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4.3 Residual Stress Measurements by PAS
Efforts were made to compare the estimated residual stress in both martensitic alloys 
by activation and pair-production techniques in terms of the PAS line-shape-parameters 
S, W and T. The following sub-sections present the results obtained from activation and 
pair-production, respectively.
4.3.1 Evaluation of Cold-worked specimens by Activation
The results of residual stress characterization by activation on cold-worked HT-9 
specimens subjected to different levels of cold-reduction by rolling are illustrated in 
Figure 4.11 (a, b and c). The extent of residual stress at different levels of cold-reduction 
is shown in this figure in terms of S, W and T-parameter based on the annihilation peak. 
An evaluation of these data reveals that the internal stresses developed due to cold- 
reduction was enhanced at higher cold-reduction level, characterized by increased S- 
Parameter value. On the contrary, the magnitude of W and T-parameter was gradually 
reduced at higher cold-reduction levels. However, at highest level of cold-reduction the 
trend was opposite. The data indicate that the extent of residual stress was maximum in 
specimens subjected to intermediate level of cold-reduction. The enhanced residual stress 
at this intermediate reduction level may be due to the larger driving force needed to 
promote the dislocation movement associated with plastic-deformation. Once these 
dislocations move past the grain boundary, reduced stresses might be needed that can 
account for further deformation. Thus, the resultant data are consistent in that, the 
magnitude of S-parameter was directly proportional to the internal stress, while the W
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and T-parameters were inversely proportional to the residual stress. A similar observation 
was also made with Alloy EP-823, as illustrated in Figure 4.12 (a, b and c).
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Figure 4.11 S, W and T-Parameter vs. Percent CW for Alloy HT-9 (Activation)
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Figure 4.12 S, W and T-Parameter vs. Percent CW for Alloy EP-823 (Activation)
4.3.2 Evaluation of Cylindrical Specimens by Activation.
The results of residual stress characterization of Alloy HT-9 by Activation on 
cylindrical specimens subjected to plastic deformation by tensile loading at three 
different applied stress levels (104.55,121.25,137.95 ksi ) are illustrated in Figure 4.13 
(a, b and c). Once again, the S-Parameter was gradually increased with increasing applied 
stress level, indicating higher internal stresses. Simultaneously the W and T-Parameters 
were gradually reduced with increasing applied stress, suggesting higher residual stress. 
Similar trends on the effect of applied stress on these three parameters were also noted 
for Alloy EP-823, except for the fact that the magnitudes of applied stresses were
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different (96.3, 102.475, 108.65, 121 ksi). The variation of S, W and T-Parameters with 
applied stress for Alloy EP-823 are shown in Figure 4.14 (a, b and c).
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Figure 4.13 -  S, W, and T-Parameter vs. Applied Stress for Alloy HT-9 (Activation)
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Figure 4.14 -  S, W, and T -Parameter vs. Applied Stress for Alloy EP-823 (Activation)
4.3.3 Evaluation of Cold-worked Specimens by Pair-Production
The magnitudes of residual stresses generated in cold-worked specimens of Alloy 
HT-9 subjected to different levels of cold-reduction, determined by the pair-production 
method, are shown in Figure 4.15 (a, b and c) in terms of S, W and T- parameters. 
Consistent with prior observations, the S-Parameter was gradually enhanced with 
increasing cold-reduction levels. Simultaneously both W and T parameters were 
gradually reduced with increased levels of cold-reduction. The enhanced S-parameter 
indicated higher residual stresses. On the other hand, the reduced W and T-parameter 
signified enhanced internal stresses with increased cold-reduction as expected. However, 
at the highest cold-reduction level the trend of the line-shape-parameters was different as
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discussed earlier. A similar trend was also noted for Alloy EP-823, as shown in Figure 
4.16 (a, b and c).
0.325 1 
0 .32 4 -  
0.323 - 
0.322 - 
0.321 - 
# 0 3204
s
g  0 .3194
(S
Ù0 0.318 - 
0.317 - 
0 .3 1 6 -  
0.315 - 
0.314 —I— 
10 12
— I-------- '---------1
14 16
Percent CW
(a)
0.431 -
0,430 -
0.429 -
0.428 -
0.427 -
0.426 -
0.425 -
0.424 -
0.423 -
0.422 -
0.421 -
0.420
P e r c e n t  C W
(b)
55
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
H
1.372 - 
1.371 - 
1.370 - 
1.369
1.368 
1.367 -
1.366 - 
1.365 -
1.364 
1.363 -
1.362 - 
1.361 -
1.360 
1.359
1.358 - 
1.357 - 
1.356
-2 10 12 14 16
P e r c e n t  C W
(c)
Figure 4.15 S, W and T -Parameter vs. Percent CW for Alloy HT-9 (Pair-production)
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4.3.4 Evaluation of Cylindrical Specimens by Pair-Production.
The results of residual stress characterization of plastically-deformed cylindrical 
specimens of Alloys HT-9 and EP-823 by the pair-production technique are shown in 
Figures 4.17 (a, b and c) and 4.18 (a, b and c) respectively. Similar relationships of S,W 
and T- Parameter to the applied stress was noted in these Figures.
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Figure 4.18 -  S, W, and T-Parameter vs. Applied Stress for Alloy EP-823 (Pair-Production)
4.4 Comparison of Residual Stress by ND and PAS
As indicated earlier, the application of positron annihilation spectroscopy (PAS) was 
aimed at establishing this technique as a standard nondestructive tool of estimating the 
residual stress in cold-worked and plastically deformed structural materials since the 
neutron diffraction (ND) technique was capable of providing quantitative residual stress, 
attempts were made to compare the measured ND data to the estimated residual stress in 
plastically deformed cylindrical specimens in terms of S, W and T-parameters (pair- 
production) as a function of the applied tensile stress. A comparative analyses of the ND 
data and S,W and T-parameter versus the applied tensile stress is presented in
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Figure 4.19 Comparison of Residual stress by ND and 
PAS vs. Applied Stress on Alloy EP-823
Figure 4.19. An evaluation of these analyses indicated that there was an unique 
relationship of residual stress determined by ND technique to the PAS line-shape- 
parameters.
4.5 Characterization of Defects by TEM
It is well known that plastic-deformation of structural materials can lead to the 
generation of defects such as dislocations and voids. Therefore, significant efforts were 
made to characterize defects in plates of Alloy EP-823 subjected to reduction in thickness 
by 7 and 11%. For comparison purpose, a plate of EP-823 without any cold-reduction 
was also included for analysis of the nature and extent of defects by transmission electron
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microscopy (TEM). The strain energy expended during plastic-deformation is usually 
stored in the metal lattice in the form of dislocations or other imperfections such as point 
defects. Thus, a strain-hardened metal such as Alloy EP-823 [42, 43] should have a 
higher strain energy in terms of dislocation density (p) compared to that of an unstrained 
material.
The TEM micrographs of Alloy EP-823 at different levels of cold-reduction are 
illustrated in Figures 4.20 through 4.22. An examination of Figure 4.20 indicates that the 
undeformed EP-823 plate was characterized by the presence of tempered martensitic 
laths and fine globular carbide precipitates. Even though, no attempts have been made in 
this investigation to characterize the nature of carbides, there are indications in the open 
literature that this precipitates could be of the type M7C3, M23C6, M 3C and MC. It is 
also interesting to note that some residual dislocations were retained by the heat-treated 
Alloy EP-823 even without any cold-reduction that could have resulted from plastic- 
deformation prior to the heat-treatment operations.
The evaluation of the TEM micrographs corresponding to 7 and 11% cold-reduction, 
shown in Figures 4.21 and 4.22, respectively revealed the presence of enhanced 
dislocation clusters, as expected. It is interesting to note that the TEM micrograph, shown 
in Figure 4.21 was characterized by dislocations crossing one another at various locations 
within the metal lattice. A similar nature of dislocations was also noted for 11% cold- 
reduced Alloy EP-823, as illustrated in Figure 4.22. All three micrographs were utilized 
to calculate the density of dislocation (p) as a function of cold-reduction level. The 
average calculated values of p, corresponding to different cold-reduction levels 
determined by the line-intersection method discussed in the previous section are given in
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the table 4.1. These results indicate that the magnitude of p was enhanced with increased 
cold-reduction level, as expected. The dislocation density, as reported by these 
investigators, was higher for martensitic Alloys tempered for shorter durations, thus 
resulting in higher residual stresses compared to that in materials tempered for longer 
durations.
Figure 4.20 TEM Micrograph of Cold-Worked Specimen With No CR
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»
50 nm
Figure 4.21 TEM Micrograph of 7.2 % CR Specimen
Figure 4.22 TEM Micrograph of 11.6% CR Specimen
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Table 4.2 Dislocation Density of Alloy EP-823 at Different CR Levels
Percent cold reduction Dislocation density, p (No./m^)
0 2.645 xlO's
7 9.834x10*^
11 6.157x10'^
4.6 Fractographic Evaluation by SEM
The extent and morphology of failure at the primary fracture surface of the 
cylindrical specimens used in calibration experiments were analyzed by scanning electron 
microscopy (SEM). The SEM micrographs of Alloy EP-823 and Alloy HT-9 are shown 
in Figures 4.22 and 4.23, respectively. An evaluation of these micrographs clearly 
revealed the presence of dimples, suggesting ductile failures in both materials.
»
n.
Figure 4.23 SEM Micrograph of Alloy HT-9, 850 X
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%
Figure 4.24 SEM Micrograph of Alloy EP-823, 850X
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CHAPTER 5 
DISCUSSION
Two martensitic materials, namely Alloys EP-823 and HT-9 were evaluated by the 
pair-production, activation and neutron-diffraction (ND) techniques to characterize 
residual stresses resulting from cold-reduction, plastic deformation and welding. A major 
emphasis has been made in this study on the ND technique, and subsequent comparisons 
have been made with data generated by the pair-production and activation techniques 
based on the classical positron annihilation spectroscopy (PAS).
The results of residual stress measurements by the ND technique on undeformed 
specimens indicate that insignificant tensile and compressive internal stresses were 
observed through out the thickness of both plate materials. These internal stresses could 
possibly be the results of prior forming operations imparted to the alloys, before thermal 
treatments with respect to the cold-reduced specimens, both alloys showed tensile 
residual stresses at the top and bottom surface of the plate. On the contrary compressive 
residual stresses were observed at some intermediate depth within the specimen 
thickness. These results clearly suggest that the extent of internal stress developed in the 
plate material will be maximum on both surface during cold-rolling operation used to 
provide the specific levels of reduction in thickness. Since both the activation and pair- 
production techniques can provide qualitative information on the resultant residual stress 
in cold-worked materials, evaluations of the S, W and T parameters were performed as a
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function of the cold-reduction levels. The resultant data indicate that the S-parameter was 
gradually enhanced with the increased level of cold-reduction, indicating higher internal 
stresses. Conversely, the magnitudes of W and T Parameters were gradually reduced, 
once again showing higher internal stresses.
However, the maximum residual stresses were found at the highest level of cold- 
reduction and the S, W and T parameters showed the opposite trend at this reduction 
levels indicating decreased residual stresses. These data, in essence, verify that the S- 
parameter is directly proportional to the internal stresses while the other two PAS 
parameters are inversely proportional to the residual stress due to cold-reduction.
As discussed above, the pair-production and activation techniques can provide 
estimate levels of residual stresses in terms of the line-shape-parameters S, W and T. 
Therefore in order to achieve a quantitative evaluation of residual stress, cylindrical 
specimens plastically deformed by tensile loading at different levels, were subjected to 
residual stress characterization by the ND, pair-production and activation techniques. The 
evaluations of the activation and pair-production data involving cylindrical specimens 
indicate that, once again the S-Parameter was gradually enhanced at higher applied 
tensile stress levels. Similarly, the W and T parameters were gradually reduced with 
increased applied stress levels. Thus similar relation ships of S, W and T Parameters to 
the internal stress in both cold-worked and plastically cylindrical specimens can be 
established by both the activation and pair-production techniques. A similar phenomenon 
was also noted with cylindrical specimens, loaded at different plastic stress levels, 
evaluated by the ND technique, showing enhanced residual stresses at higher applied 
stress levels.
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The characterization of residual stresses in welded specimens consisting of 
martensitic alloys on both sides, by the ND technique exhibited a benificial effect of post- 
weld-thermal-treatment (PWTT) in reducing the internal stresses. It is also interesting to 
note that the magnitude of residual stress was gradually reduced with distance away from 
the weld region. Once again these data are consistent with the basic understanding on 
welding in that the maximum stress due to welding is generated in the vicinity of the 
fusion line of a welded structure.
As to the micro-structure of both tested materials, fine-grained and fully-tempered 
martensitic microstructures were observed. The SEM study of the primary fracture 
surface of both alloys revealed dimpled microstructure, typical of ductile failures. The 
characterization of defects in cold-worked Alloy EP-823 by TEM demonstrated that the 
dislocation density was increased with increasing cold-reduction levels.
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CHAPTER 6
SUMMARY AND CONCLUSIONS 
Martensitic Alloys EP-823 and HT-9, subjected to cold-reduction, plastic- 
deformation and welding, were characterized for residual stress evaluations by ND, pair- 
production and activation techniques. Since the pair-production and activation techniques 
can provide qualitative information, determination of calibration curves was performed 
by using all three techniques. The nature and extent of defects due to cold-reduction of 
Alloy EP-823 were analyzed by transmission electron microscopy (TEM). The 
morphology of failure of the cylindrical specimens used in calibration study was also 
analyzed by scanning electron microscopy (SEM). The significant conclusions derived 
from this investigation are given below.
• The residual stresses at the top and bottom surfaces of the cold-worked specimens 
determined from the ND measurements, were tensile in nature
• A combination of insignificant tensile and compressive internal stresses was 
observed in specimens without any cold-reduction, possibly due to the effect of 
prior forming operations.
• The magnitude of residual stress in plastically deformed cylindrical specimen was 
enhanced with increasing applied stress ranging between the yield stress and the 
ultimate tensile stress
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• The extent of residual stress in the welded specimens was reduced at locations 
away from the fusion-line, as expected. PWTT was beneficial to reduce these 
internal stresses
• The residual stress estimated by the S-parameter was gradually enhanced at 
higher levels of cold-reduction. At the highest level of cold-reduction the S- 
parameter was decreased indicating reduced residual stress. Similarly, the 
magnitude of internal stress in the cylindrical specimens was enhanced at higher 
applied stress level, showing enhanced S-parameter value.
•  The W and T- parameters were gradually reduced with increased cold-reduction 
and applied stress levels, suggesting that these two parameters are inversely 
proportional to the resultant internal stresses. However, at highest cold-reduction 
level it increased showing the increased residual stress value the reason for which 
was discussed earlier in chapter 4 of this thesis.
• The dislocation density was increased with increased levels of cold-reduction, as 
determined by TEM.
• The failure experienced by the cylindrical specimens at their primary fracture 
surfaces was characterized by dimples, indicating ductile failures.
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CHAPTER 7
SUGGESTED FUTURE WORK 
The following additional work for future evaluations are suggested
• Evaluation of effect of PWTT on residual stress by the PAS technique.
• Characterization of defects in welded specimens by TEM
73
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 7
SUGGESTED FUTURE WORK 
The following additional work for future evaluations are suggested
• Evaluation o f effeet o f PWTT on residual stress by the PAS teehnique.
• Characterization o f defects in welded specimens by TEM
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APPENDIX A
TEM Micrographs o f Alloy EP-823 subjected to different levels of cold-reduction
(a)
(b)
TEM Micrographs o f Alloy EP-823 With No Cold-reduction
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(a)
(b)
TEM Micrographs o f Alloy EP-823 With 7.2% Cold-reduction
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(a)
(b)
TEM Micrographs of Alloy EP-823 With 11.6 % Cold-reduction
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APPENDIX B
SEM MICROGRAPHS
SEM Micrograph of Alloy EP-823, 35 X
. 5  k U X 1 0 0  1 0 0  0-n-, O O O 1 2  '5K >3?5„ S -
SEM Micrograph of Alloy EP-823, 100 X
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SEM Micrograph of Alloy HT-9, 35X
SEM Micrograph o f Alloy HT-9, lOOX
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